Introduction
[2] Iron is a nutrient element required by phytoplankton for a variety of metabolic functions including nitrate utilization and chlorophyll production. There is not enough dissolved iron in the deep waters of the ocean that upwell to the euphotic zone to allow phytoplankton to consume all of the nitrate that is present [Martin, 1990; Johnson et al., 1997] . Additional inputs of iron are required. Iron deficiency limits ocean productivity and carbon export in some 40% of the world ocean [Martin, 1990; Moore et al., 2002; Duce and Tindale, 1991] . Most research focused on the inputs of iron to the surface ocean has emphasized atmospheric deposition as the primary external source [Duce and Tindale, 1991; Fung et al., 2000; Jickells and Spokes, 2001] . Estimates of dissolved iron input to the surface ocean from aerosols are 2-12 Â 10 9 mol y À1 , assuming 2% solubility [Fung et al., 2000; Jickells and Spokes, 2001 ]. This input is equivalent to 30-70% of the iron flux associated with the upwelling of deep water [Moore et al., 2002; Fung et al., 2000; Archer and Johnson, 2000] .
[3] Recent work has demonstrated that inputs of iron from continental margin sediments supports the high productivity found in shallow coastal regions [Hutchins and Bruland, 1998 ]. Much of the work on ocean margins has focused on resuspended sediment [Johnson et al., 1999] . However, the decomposition of organic material in shelf sediments results in a flux of dissolved iron to the overlying water. Early estimates of the flux of dissolved iron from shelf sediments were derived from dissolved pore-water concentration gradients [Sawlan and Murray, 1983; Shaw et al., 1990] . Here we report direct measurements of benthic iron flux. The near-shore flux is far greater than pore-water gradients would predict and it represents a significant source of dissolved iron to the global ocean budget.
Methods
[4] Flux measurements were derived from free vehicle benthic flux chambers deployed at depths ranging from 95 to 3710 m off of the California coast. Each chamber seals off a fixed volume of water over a known area of sediment and samples are automatically drawn from the chamber at predetermined intervals. Concentration changes over time in the flux chambers provide a direct measure of benthic flux [Berelson and Hammond, 1986; Berelson et al., 1996] . Samples were not used in the flux calculations if the oxygen concentration in the chambers decreased significantly resulting in unrealistically large increases in iron concentration.
[5] Sediment cores were collected at most stations in 1993-1995. The pore-waters were extracted by centrifugation from 0.5 to 1 centimeter thick slices of sediment in a cold van under a N 2 atmosphere. Samples from both the chambers and pore-water extractions were filtered (0.5 mm), diluted 2 -20 fold, and analyzed by Flow-Injection Analysis [Elrod et al., 1991; Obata et al., 1993; Johnson et al., 2003] . Concentration gradients in the upper few centimeters of sediment pore-waters were used to calculate a flux based on diffusion alone [Kingsley, 1999] .
Results and Discussion
[6] The average concentration of iron in the chambers versus draw times are shown in auxiliary material 1 . Concentration increases over time were quite linear (r 2 ! 0.7) 75% of the time with deviations occurring primarily when fluxes were low. With the exception of most low ( 20 mM) bottom water oxygen stations (open symbols, Figure 1a) , the benthic flux of iron that was measured with chambers was highest on the continental shelf and showed a systematic decrease with increasing water depth (Figure 1a) . A similar relationship is observed for the flux of inorganic carbon derived from the oxidation of organic matter (C ox ; Figure 1b ). The flux of C ox is derived from measurements of total inorganic carbon flux (TCO 2 ) and correcting for calcium carbonate dissolution [Berelson et al., 1996] . Significant fluxes of dissolved iron occurred at all depths shallower than 1000 m where rates of organic carbon remineralization were also high.
[7] The concentration of iron in the pore-waters of sediments showed a pattern of low values near the sediment-water interface increasing to a subsurface maximum ( Figure 2 ). Dissolved iron in pore-waters on the shelf was low throughout each core and the concentration gradient near the sediment-water interface was small. Concentrations were much higher in cores from the oxygen minimum and a large iron gradient existed in the top 2-3 cm of the cores. This gradient appeared to extend to the sediment-water interface and large fluxes of iron were derived from porewater data in the oxygen minimum that overestimate the flux chamber values by factors >10. It is likely that dissolved iron diffusing upward was re-oxidized and precipitated at the sediment surface before it entered the chambers. At sites deeper than the oxygen minimum, an $2 cm oxic layer of sediment was present above sediments with high concentrations of pore-water iron. This layer had very low concentrations of dissolved iron and a very low iron gradient. The iron flux derived from the benthic flux chambers at sites below the oxygen minimum generally agreed with the fluxes derived from pore-water gradients (Table 1) .
[8] In Monterey Bay, iron fluxes measured with chambers are, on average, 75 times higher than estimates derived from pore-water gradients (Table 1) . These sediments are bioirrigated [Berelson et al., 2003 ] which can increase the flux of solutes to values that are higher than can be supported by diffusion alone [Green et al., 2002] . Rates of bio-irrigation can vary by 5 -10Â depending on the solute modeled [Devol and Christensen, 1993] . The flux of radon, thought to be a fairly robust indicator of irrigation rates, was 7 -10Â greater than the diffusive in Monterey Bay [Berelson et al., 2003] . The large iron fluxes observed in the flux chambers suggest that bio-irrigation plays an even greater role in enhancing its flux from shelf sediments, relative to diffusion, than it does for inert elements such as radon.
[9] There is a strong relationship (Figure 1c ) between the benthic fluxes of dissolved iron and oxidized organic carbon (0.68 ± 0.20 mmol Fe/mmol C ox , 95% CI). Multicomponent models of sediment diagenesis [Van Cappellen and Wang, 1996] suggest that most of the iron reduction is linked to oxidation of organic matter and that most of the reduced iron escapes the sediment. If organic carbon oxidation is the master variable that regulates iron reduction and flux, then the relationship in Figure 1c (1993 -1995) . The standard error of iron concentration for these four profiles was less than 12% in the upper 2 cm and less than a factor of 2 deeper in the sediments.
derived from aerosols [Fung et al., 2000; Jickells and Spokes, 2001] . However, only a fraction of the aerosol iron becomes dissolved and available for biological uptake. The solubility of aerosol iron is generally believed to be 1 -10% [Spokes and Jickells, 1996; Jickells and Spokes, 2001] and has been considered the major external iron input for global biogeochemical models [Moore et al., 2002; Fung et al., 2000; Archer and Johnson, 2000; Aumont et al., 2003] . Assuming a solubility of 2%, the global dissolved iron input from aerosols is 0.2-1.2 Â 10 10 mol y À1 .
[10] Our estimate of the global flux of iron from continental shelf sediments is comprised entirely of dissolved iron. It is difficult to estimate how much of this flux will reach depths shallow enough for biological utilization due to the highly reactive behavior of iron. California coastal waters are representative of eastern boundary currents, where wind driven off-shore transport of surface water leads to subsequent upwelling of shelf water [Flament et al., 1985; Mooers and Robinson, 1984] . Johnson et al. [1999] have shown that these upwelled waters do indeed bring iron to the surface and that productivity, biomass and species composition are all highly correlated with the supply of dissolved iron [Johnson et al., 2001] . We calculated the fraction of continental shelves that are characterized as eastern-boundary upwelling using a total shelf area of 2.6 Â 10 7 km 2 and an average width of 85 km [Walsh, 1991] and 1.5 Â 10 4 km as the length of coastline affected by eastern-boundary upwelling [Chavez and Toggweiler, 1995] . This results in an estimate similar to that of Emery [1968] suggesting that eastern boundary-upwelling shelves represent approximately 5% of all continental shelves. A lower limit to the surface supply of dissolved iron from benthic fluxes can be obtained by assuming that this iron only reaches the surface through upwelling [Johnson et al., 2001] and that upwelling only occurs on eastern-boundary shelves for half of the year. The resulting lower limit value (2.5%) of benthic dissolved iron reaching the euphotic zone is 2.2 Â 10 9 mol y
À1
. However, we know that coastal upwelling occurs to some extent on western boundary shelves [Blanton et al., 1981; Wu and Luther, 1996; Chavez and Toggweiler, 1995] and that iron is brought to the surface by processes other than upwelling such as deep winter mixing [Elrod et al., 2002] . Some of the dissolved iron will be lost to particle scavenging. Conversely, complexation by potentially high levels of organic ligands generated in surface sediments could maintain iron in the dissolved form.
[11] This estimate of the coastal contribution to surface water iron inputs provides a term that has previously been ignored or assumed insignificant in models of the oceanic iron cycle which are currently embedded in relatively lowresolution general circulation models [Moore et al., 2002; Fung et al., 2000; Archer and Johnson, 2000; Aumont et al., 2003] . The importance of coastal iron inputs to the global iron budget will likely depend not only on iron reaching surface waters, but also on the extent to which it is transported offshore. Elrod [1987] estimated that the volume of water transported offshore in the California Current system is as much as 30% of the total southerly current flow. ) are from Berelson et al. [1996 Berelson et al. [ , 2003 .
During a recent expedition from the central California coast to Hawaii , the influence of nearshore iron inputs was observed at least 600 km offshore (Figure 3 ).
[12] The significance and fate of benthic dissolved iron fluxes will become clearer in the future when it is possible to incorporate a realistic coastal component in global or basinscale biogeochemical models. This deficiency in iron inputs may account for the large underestimate of model derived chlorophyll concentrations [Aumont et al., 2003 ] and primary production [Moore et al., 2002] near ocean margins. Martin and Gordon [1988] and leachable particulate iron (pH 2, 2 hrs.) concentrations were less than 10% of dissolvable values for the entire transect [Johnson et al., 2003] .
